Cas12a, also known as Cpf1, is a type V-A CRISPRCas RNA-guided endonuclease that is used for genome editing based on its ability to generate specific dsDNA breaks. Here, we show cryo-EM structures of intermediates of the cleavage reaction, thus visualizing three protein regions that sense the crRNA-DNA hybrid assembly triggering the catalytic activation of Cas12a. Single-molecule FRET provides the thermodynamics and kinetics of the conformational activation leading to phosphodiester bond hydrolysis. These findings illustrate why Cas12a cuts its target DNA and unleashes unspecific cleavage activity, degrading ssDNA molecules after activation. In addition, we show that other crRNAs are able to displace the R-loop inside the protein after target DNA cleavage, terminating indiscriminate ssDNA degradation. We propose a model whereby the conformational activation of the enzyme results in indiscriminate ssDNA cleavage. The displacement of the R-loop by a new crRNA molecule will reset Cas12a specificity, targeting new DNAs.
In Brief
The cryo-EM structures of Cas12a and smFRET reveal the activation mechanism for target DNA cleavage and indiscriminate ssDNA degradation. The displacement of the R-loop by crRNA suggests a mechanism to stop unspecific ssDNA degradation, resetting the endonuclease to target a new DNA sequence.
INTRODUCTION
The CRISPR system is used by bacteria and archaea to protect the cells against invading nucleic acids such as plasmids or phages (Makarova and Koonin, 2015) . Together with a CRIPR RNA (crRNA), Cas12a forms a ribonucleoprotein complex that is able to recognize, unwind, and generate a double-strand break (DSB) in the DNA target complementary to its crRNA with high specificity. The DNA sequences targeted by Cas12a are stored in a genomic CRISPR array, a DNA region containing repetitive sequences adjacent to unique sequences (spacers) that form the record of the potentially dangerous DNA previously encountered by the cell (Zetsche et al., 2015) . The CRISPR array is transcribed as a single pre-crRNA that is processed by Cas12a to produce mature crRNAs (Fonfara et al., 2016) . The crRNA molecule contains a conserved portion, which folds into a pseudoknot recognized by Cas12a, and a variable region (guide) that is complementary to the target DNAs. To maintain the integrity of the CRISPR array, the target DNA cleavage depends on the recognition of a short protospacer adjacent motif (PAM) sequence located upstream of the target site. The 3-to 4-nt PAM sequence recognized by Cas12a is present in the invading DNA molecules but not in the CRISPR array, therefore protecting this DNA region from cleavage (Mojica et al., 2009 ).
Cas12a has been used for genome editing (Swarts and Jinek, 2018) , including correction of mutations responsible for muscular dystrophy in human and mice cardiomyocytes (Zhang et al., 2017) . Cas12a introduces a staggered cleavage 70 Å away from the PAM sequence (Yamano et al., 2016; Zetsche et al., 2015) using a single catalytic site in a cleft between the RuvC and NuC domains ( Figure 1A ). The DNA overhang is produced by the different paths followed by the non-target (nt-) strand and the target (t-) strand to reach the catalytic pocket (Stella et al., 2017a) ; while the displaced nt-strand is guided to the RuvC-NuC pocket by the protein, the t-strand must form the crRNA-DNA hybrid in the main protein cavity to reach the catalytic site. Recently, in addition to its specific endonuclease activity, an indiscriminate catalytic single-strand (ss) DNase activity was discovered in Cas12a, previous binding of the target DNA or ssDNA complementary to the crRNA, thus mimicking the t-strand (Chen et al., 2018) . Therefore, Cas12a is capable of precise cleavage of target DNA and indiscriminate degradation of ssDNA. This activity has further expanded the possible applications of Cas12a to molecular diagnostics. However, a detailed understanding of the catalytic activation of Cas12a is lacking despite its utmost importance to research areas ranging from biomedicine to biotechnology or synthetic biology.
DNA phosphodiester bond hydrolysis by Cas12a encompasses different stages: (1) formation of a Cas12a-crRNA complex; (2) searching of the target DNA in a PAM-dependent manner; (3) DNA unwinding to create (4) a ''bubble'' (triple-strand RNA-DNA hybrid R-loop), generating the transition state; and (5) catalysis to produce an enzyme-product complex, including Cas12a containing the cleaved R-loop, and the other half of the target DNA, which dissociates from the complex (Stella et al., 2017a) . Different structures representing singular stages of the reaction have provided information on the working mechanism, as reviewed in Stella et al. (2017b) . However, questions regarding the machinery involved in nt-and t-strand severing during the catalytic reaction and how this activity is related to indiscriminate ssDNA degradation (Chen et al., 2018) remain unanswered. To address these questions, we used an integrative approach to dissect the working mechanism of Cas12a.
RESULTS

crRNA-DNA Hybrid Promotes Cas12a Catalytic Activation
To understand Cas12a activation, we performed electrophoretic mobility shift assay (EMSA) and activity assays testing Francisella novicida (Fn) Cas12a binding and cleavage. We used an array of ssDNA and double-stranded DNA (dsDNA) substrates containing dissimilar PAM and DNA sequences (Figures S1A and S1B). The FnCas12a cleaves specific dsDNA only if a 5 0 TTA3 0 PAM sequence is present. We also tested target DNAs provided to Cas12a as partially complementary DNA bubble, as well as ssDNA both complementary and non-complementary to the crRNA. We observed that both the open and ssDNA complementary to crRNA are cleaved (Figures S1A and S1B), suggesting that catalysis may be activated by hybrid assembly between the guide region of the crRNA and the t-strand DNA. Also, the cleavage of the t-strand yielded similar results to the target dsDNA with the difference that the products of the t-strand were longer, suggesting that the ssDNA target is not provided in the same way as the duplex target DNA. The nt-strand was not cleaved or bound by the ribonucleoprotein. We also tested whether indiscriminate ssDNA degradation was dependent of target DNA cleavage as observed in Chen et al. (2018) (Figure S1C) . The unspecific DNA degradation was triggered in the assay with target DNA or a t-strand of 20-24 nt. Together, these observations indicate that crRNA-DNA hybrid assembly is necessary for severing DNA.
Cryo-EM Analysis Reveals the Intermediate Conformations of the Cleavage Pathway
We aimed to obtain structural information of the intermediate states of hybrid formation to understand Cas12a catalysis by cryoelectron microscopy (cryo-EM) (Nogales and Scheres, 2015) . We reconstituted Cas12a E1006Q mutant with crRNA and target DNA. This variant can recognize and unzip the duplex target DNA but is not competent for cleavage ( Figures 1B, 1C , S1D, and S1E). The stabilized ternary complex was subjected to cryo-EM analysis ( Figure S2 ; STAR Methods). Using a combination of statistical classification and movie processing (Scheres et al., 2007; Scheres, 2012) , we solved five different structures representing different conformations (I 1 -I 5 ) of the ternary complex at global resolutions of 3. 91, 4.24, 4.07, 3.27, and 3 .63 Å by the Fourier shell correlation (FSC) = 0.143 criterion ( Figures  1D, S2 , S3, and S4; Table S1 ). For the highest resolution structure (I 4 ), we obtained an excellent density map, which displayed unambiguous densities for the crRNA-DNA hybrid, and protein side chains (Figures 1E, 1F, and S3) . The density for the protein region in the flexible REC lobe became clearer after using local refinement (STAR Methods). Computational sorting of images through regularized likelihood optimization allowed us to determine four additional conformations present also in the same sample (Scheres, 2012) (Figure S2 ). Cas12a-crRNA-DNA core was visualized at high resolution (Figures S3 and S4) , while the peripheral parts differ strongly in their conformation between the structures and have less resolved 3D features and lower resolution, depending on their level of flexibility (Figures 1D, S3, and S4) . The regions with the largest degree of conformational flexibility were mostly in the REC lobe, especially the REC1 and REC2 domains, which underwent major rearrangement, and several loops of the Nuc domain ( Figures 1D, S3 , and S4). This high mobility affected the PAM distal section of the target dsDNA ( Figure 1B ), which in contrast to the PAM proximal dsDNA region, was not observed in the same detail as the crRNA-DNA hybrid. However, we could visualize in I 4 a new contact between a stem loop formed by the Nuc domain interacting with the REC2 distal region to stop the crRNA-DNA hybrid ( Figure 1G) .
Out of the five observed conformations, I 4 presented the longest crRNA-DNA hybrid (19 nt) in the main cavity of Cas12a. I 2 , I 3 , and I 5 displayed partial hybrids of around 8-to 9-nt base pairs, and I 1 showed the bound target DNA after PAM recognition unzipped but not associated with the crRNA (Figure 2A) . Therefore, the I 1 conformation could represent a snapshot of the stage after target DNA unzipping before hybridization with the initial 5 nt of the crRNA, which constitute the preseed of the guide RNA (Stella et al., 2017b) . A comparison of the Cas12a-RNA binary complex (Swarts et al., 2017) with I 1 explained the manner by which the arrival of the target DNA promotes a hinge movement of the PI domain to bind PAM and insert the loop-lysine helix-loop (LKL) region of the Cas12a protein in the dsDNA to separate the complementary DNA strands (Stella et al., 2017a ) (Video S1). After PAM recognition and unzipping, the inversion of the phosphate of the first nucleotide following PAM initiates coupling with the crRNA. In the I 1 See also Figures S1, S2 , S3, S4, and S6; Table S1 ; and Video S1. conformation, while the dC+1 phosphate of the t-strand appears inverted, dC+1 and the nine additional observed bases of the t-strand are not coupled with the crRNA, the base of dC+1 seems to test the formation of Watson and Crick paring between G+1 and A+2 ( Figure 2B ), the two initial bases in the pre-seed of the guide crRNA.
In the I 2 conformation the crRNA-DNA hybrid up to 8 bp is observed inside Cas12a (Figure 2A ), indicating that the base coupling in the pre-seed region of the guide has been accomplished. In the I 3 conformation, while the hybrid length could be also modeled up to the 8 th base pair, conformational rearrangements were observed in the helix-loop-helix region of the REC lobe (HLH) and REC2 domain. The 19 th base pair crRNA-DNA hybrid observed in the I 4 conformation also involved the movement of the HLH subdomain as observed in the R-loop after cleavage structure (Stella et al., 2017a) . Finally, in the I 5 conformation, the hybrid could be built up to the 8-9 th nt of the guide, and few bases of the t-strand were observed as ssDNA. Therefore, our cryo-EM analysis revealed an array of molecular conformations along the reaction path concerning the assembly of the crRNA-DNA hybrid and protein rearrangements leading to target DNA cleavage.
The Molecular Lock of the Catalytic Pocket
A comparison between the binary complex (Swarts et al., 2017) and the R-loop after cleavage structures (Stella et al., 2017a) , representing the initial and final stages of the reaction, revealed that the residues involved in catalysis, D917 and E1006, are engaged in polar interactions with K1013 and R918, respectively, resulting in a conformation that occluded the RuvC-Nuc pocket ( Figure 3A ). By contrast, in the R-loop crystal structure, the loop where these residues are located was disordered, suggesting that the RuvC-Nuc pocket is accessible after target DNA cleavage and, thereby, ready for severing other ssDNA molecules. This suggests a molecular basis for the indiscriminate ssDNA cleavage after enzyme activation by a ssDNA complementary to the guide. Hence, we tested how the absence of R918 and K1013 side chains would affect Cas12a activity using target DNA ( Figure 3B ). The K1013G and R918G mutations did not affect complex formation with crRNA ( Figure S5 ) but reduced the activity of Cas12a ( Figure 3B ). The effect of R918G substitution was slightly more pronounced, possibly because of the lack of polar contact between the arginine side chain and the carbonyl of the E1006 main chain observed in the R-loop after cleavage and in Q1006 in I 4 . This interaction might prime E1006 for catalysis. Indeed, the double R918G/K1013G substitution almost completely abolished target DNA cleavage ( Figure 3B ), thus emphasizing the importance of these interactions.
We tested the effect of these mutations on ssDNA cleavage ( Figure 3C ); R918G activity was almost abrogated while K1013G cuts the t-strand. The double mutant displayed a severe reduction of cleavage as in the case of the target DNA (Figure 3C) . However, this mutant shows non-specific ssDNA in the presence of an activator t-strand similar to Cas12a. These substitutions disable the polar interactions R918-E1006 and K1013-D917 and, therefore, might have enabled catalysis in the RuvC-Nuc pocket but not toward the specific target DNA, suggesting that, while the target DNA is provided in a precise manner to the active site, the exogenous ssDNA and the unzipped target could enter the DNase site in a less restrictive way for catalysis.
The crRNA-DNA Hybrid Switches the Molecular Checkpoints Unlocking Catalysis Only five nucleotides of guide crRNA are visible in apo-Cas12a (Swarts et al., 2017) , suggesting that the rest of the crRNA molecule is largely flexible, as also observed in the cryo-EM structures presented here. The captured conformations suggest the conformational choreography leading to catalysis ( Figure 4A ). The association of crRNA with the t-strand leads to the formation crRNA-DNA hybrid, accommodated within the protein (Figure 4A ). The analysis of the five cryo-EM intermediates, the Cas12a-RNA and ''R-loop after cleavage'' crystal structures, pinpointed three protein segments involved in interactions with the hybrid, playing an important role in triggering catalysis (Figure 4A ). These are a loop that connects REC1 and REC2, which we denominate ''REC linker,'' a protein segment named ''the lid,'' that contains the catalytic E1006 and K1013 and other residues in the loop that closes the catalytic pocket in the apo structure, and a helix in REC1, termed ''the finger.'' These three well-conserved regions are located in an alternate manner along the main protein cavity and appear to sense the presence of crRNA once the hybrid with the t-strand is formed to activate catalysis in the DNase site ( Figure S6A ).
The REC linker undergoes a conformational change leading to its interaction with the crRNA nucleotides ranging from G+5 to C+7 ( Figure 4A ). This interaction is not observed in the I 1 and I 2 conformations, which are more similar to the binary complex but are visualized in I 3 , I 4 , and I 5 . The formation of the crRNA-DNA hybrid would induce the dissociation of the polar interactions between E1006-R918 and D917-K1013 ( Figure 3A) , thus leaving the catalytic pocket open. The lid is in the closed conformation in I 1 and I 2 and initiates a conformational change in I 3 to form an a helix in I 4 . This new a helix interacts with the A+8 to U+11 nt of the crRNA ( Figure 4A ), while R918 interacts with the main chain of Q1006, and K1013 with the strictly conserved Q1025 and E1028 residues, thus stabilizing this conformation of the DNase site ( Figure 1F ). However, the lid segment is flexible and not observed in the I 5 conformation similarly to the R-loop after cleavage (Stella et al., 2017a) . Finally, the finger undergoes a 30-Å movement between the binary and the R-loop after cleavage conformations to arrange the distal side of the REC lobe and interact with the A+15 to G+17 nucleotides of the crRNA. This gradual conformational change can be also observed between the I 1 to I 4 intermediates, while the finger is in a distant conformation in I 1 and I 2 , similar to its position in the binary complex; it occupies a middle position in I 3 and in I 4 and interacts with the A+15 to G+17 bases ( Figure 4A ). However, the conformational change in the REC lobe and the absence of a long hybrid avoid the visualization of that interaction in I 5 . The catalysis activation appeared to follow a sequence connecting the initial sensing of the crRNA-DNA hybrid formation by the REC linker; continues with the rearrangement of the lid, which folds into a new a helix, opening the catalytic RuvC-Nuc pocket; and is finally recognized by the finger, hence prompting the catalytically competent conformation (Figure 4 ; Video S1).
To analyze the effect of the crRNA-DNA hybrid length on catalysis, we designed an array of crRNAs ( Figure 4B ). Cas12a formed a ribonucleoprotein particle with all the tested crRNA molecules ( Figure S5B ). When the dsDNA target was used as substrate, a robust activity was observed with 18-, 20-, 24-nt guide RNAs, while only weak cleavage was observed with the 16-nt guide RNAs and no cleavage was detected with 14-nt crRNA ( Figure 4B ). Similar observations were made in the assay monitoring unspecific ssDNA cleavage ( Figure 4B ). These results suggested that full catalytic activation required the assembly of a hybrid with at least a 16-nt guide RNA, acting in concert with the REC lobe conformational change to facilitate the interaction of the finger with the hybrid.
We also assayed Cas12a using different-length crRNA guide molecules with t-strand as substrate. Similarly, to the experiments described above, a minimum 16-nt crRNA guide was required to observe weak t-strand cleavage ( Figure 4C ). Further, a crRNA guide longer than 14 nt was needed to trigger indiscriminate ssDNA degradation. This finding agrees with our structural observations indicating that the lid must be open for catalysis and the newly formed helix must sense the hybrid ( Figure 4A ). We then interrogated Cas12a ssDNase activity with an array of crRNAs and activating t-strands. The activation of the Cas12a-crRNA 14nt with a complementary t-strand of 14 nt did not trigger indiscriminate ssDNA degradation or t-strand cleavage (Figure S5C) . The same effect was observed upon activation with a 16-or 18-nt t-strand ( Figures S5D and S5E ), supporting the notion that the crRNA nucleotides from position +15 onward are key to Cas12a activation. The crRNA 14nt could allow hybrid formation up to 14 nt long, enabling the interactions between crRNA and the REC linker and the lid, but not the finger (Figure 4A ). Full phosphodiester hydrolysis on the exogenous ssDNA could be observed when a crRNA 16nt or longer was present and the activating t-strand was 16 nt or longer, indicating that sensing of the crRNA by the finger is key for catalysis.
To assess the synergies between the molecular lock of the catalytic pocket and the crRNA-DNA hybrid formation, we assayed the activity of the R918G/K1013G variant using crRNA 14nt to determine whether the presence of a shorter crRNA could abrogate indiscriminate ssDNA degradation. No cleavage took place upon activation with 14-24-nt complementary t-strands (Figure S5F) , suggesting again that the interaction of the finger with the crRNA-DNA hybrid is key to sever the target or unspecific ssDNA.
We also truncated and substituted the REC linker, lid, and finger regions to study their role in activation. Cas12a tolerated the truncation and substitution of the REC linker, substitution but not the truncation of the lid, and neither substitution nor truncation of the finger ( Figure S5G ). The REC-linker deletion and substitution did not cleave target DNA, although they cut nonspecific ssDNA after activation, suggesting that the interaction of the REC linker with the initial bases of the crRNA is essential for specific DNA cleavage but dispensable for the opening of the lid and the insertion of the finger in the hybrid, thus promoting non-specific ssDNA cleaving activity ( Figures S5H-S5J ). The lid substitution did not support specific target DNA cleavage, while the non-specific ssDNA activity was high although lower than the wild-type ( Figures S5H-S5J ). These experiments show that the cleavage of the target DNA is a controlled process that requires these checkpoints to trigger the reaction, while the non-specific ssDNA activity can be observed when the hybrid with the ssDNA activator is formed opening the lid and closing the finger.
Finally, we evaluated the effect to the E1028G and Q1025G mutations. These conserved residues interact with K1013 when the catalytic cleft is open ( Figure 1F ). The Q1025G mutant show similar activity to Cas12a, both in ds and ssDNA cleavage ( Figures S5H-S5J ). The E1028G exhibited the same target DNA cleavage activity but with a lower non-specific ssDNA activity compared to Cas12a. However, the Q1025G/E1028G mutant shows a selective behavior, cleaving exclusively the target DNA ( Figures S5H-S5J ). Collectively, these observations suggest that the concerted conformational changes of these conserved protein segments act as molecular checkpoints to activate catalysis.
Catalysis Is Faster on the nt-Strand Than the t-Strand
The RuvC domain is present in bacterial resolvases. It usually works in a dimeric form, with the catalytic site introducing nicks into ssDNA with the same polarity, generating products with a 5 0 -phosphate and a 3 0 -hydroxyl group (Wyatt and West, 2014) . Due to the high mobility of the distal region of the target DNA, the ssDNA is not visible in the RuvC-Nuc pocket. To understand how the ssDNA resides in this pocket, we used DALI (Holm and Laakso, 2016) to superimpose the RuvC-Nuc pockets of Alicyclobacillus acidoterrestris (Aa) C2c1 (Yang et al., 2016) (PDB: 5u30, 5u31) and the I 4 intermediate ( Figure 5A ). AaC2c1 is the only member of the class 2 type V-B enzyme where DNA has been observed in the active site of a catalytically inactive variant. This superposition allowed modeling of the ssDNAs observed in the AaC2c1 structures into the catalytic pocket of the I 4 intermediate with no clashes. The model mimics the presence of the tand nt-strand in the active site ( Figure 5A ) and reveals that the polar interactions, E1006-R918 and D917-K1013, in the binary complex lock the catalytic site and impede the entry of ssDNA into the RuvC-Nuc pocket ( Figure S6B ). In addition, the superposition suggested that R1218, whose substitution was shown to hinder hydrolysis (Stella et al., 2017a; Swarts et al., 2017) , could interact with the phosphate backbone, thus positioning ssDNA in the RuvC-Nuc pocket for catalysis ( Figure S6C ).
Both t-and nt-strand would be located with 5 0 -3 0 polarity in the active site. This is consistent with the observation that t-strand cleavage by Cas12a yields a 5 0 -phosphorylated cleavage product (Swarts et al., 2017) , suggesting a catalytic mechanism such as AaC2c1. However, in AaC2c1, the protein provides a path toward the RuvC-Nuc pocket that facilitates the positioning of the target ssDNA substrate with 5 0 -3 0 polarity in the catalytic site. This feature is not conserved in Cas12a. Thereby, while the nt-strand can reach the RuvC-Nuc pocket with 5 0 -3 0 polarity, Cas12a must undergo a conformational change in the distal side of the REC and Nuc lobes to accommodate the t-strand with the required 5 0 -3 0 polarity in the DNase site. Consequently, we asked whether these possible differences between the t-and nt-strand accommodation might result in a different cleavage rate for each strand. We first determined the suitable target DNA lengths to individually visualize the cleavage of each strand ( Figure S6D ), to monitor the phosphodiester bond hydrolysis reaction for each strand. Guided by these preliminary experiments, we used two target DNA molecules: one with a 19-nt nt-strand and a 30-nt t-strand, to observe t-strand cleavage; and one with a 25-nt t-strand and a 30-nt nt-strand, to observe nt-strand cleavage (Figures 5B and 5C) .
Porphyromonas crevioricans (Pc) (numbering according to FnCas12a). The zooms show detailed views of the interactions with the crRNA in I 4 . The table summarizes the REC linker, lid, and finger structural features (see Figure S6 for coulombic potential maps). (B and C) Cas12a cleavage assay in the presence of crRNAs ranging from 14 to 24 nt using target DNA and non-specific DNA as substrates in the presence of dsDNA (B) or ssDNA (C) as activators. The experiment was repeated 5 times. See also Figure S5 and Video S1.
For comparison, we also tested the cleavage of a 30-nt ssDNA complementary to the guide ( Figure 5D ). The catalytic reaction was stopped at different times, and the amount of severed ssDNA was quantified ( Figure 5E ). Using these specific substrates to analyze the cut on each strand, we found that the nt-strand was cut $10 times faster than the t-strand, and the enzyme failed to cleave the t-strand completely within 180 min. In contrast, the nt-strand was almost completely hydrolyzed within 5 min. Cleavage of the t-strand was faster when it was provided as ssDNA, but not as fast as the nt-strand. This suggested that a conformational change of Cas12a might be required to position the t-strand in the 5 0 -3 0 polarity in the catalytic site. This conformational rearrangement would also be required for the hydrolysis of the t-strand, resulting in its slower cleavage.
Cas12a Conformational Dynamics in the apo, crRNA, and Target DNA-Bound States To directly observe in real time the conformational dynamics of Cas12a molecules at different stages of the cleavage reaction, we used single-molecule fluorescence resonance energy transfer assay (smFRET) (Bavishi et al., 2018; Chen et al., 2017; Osuka et al., 2018; Singh et al., 2018; Yang et al., 2018) . We generated a Cas12a light cysteine version with two solvent accessible cysteines (C473 and C1190) on the REC2 and Nuc domains, in order 
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to monitor the conformational changes in the regions that show larger structural rearrangements ( Figure 6A ; STAR Methods). We captured smFRET trajectories of hundreds of individual molecules in steady-state conditions, thus sampling reversible transitions between conformational states (Figures 6B-6D; Table S2 ; Figures S7 and S8A-S8C; STAR Methods). Loading efficiency with DNA was nearly complete under our experimental conditions ( Figure S8D ). In all cases, the smFRET histograms were best fit with 4 distributions whose centers varied slightly depending on the loading condition (Figures 6C and S8E; STAR Methods), as observed in Cas9 (Osuka et al., 2018; Yang et al., 2018) , suggesting that the loading may induce slightly different local conformations. The 4 FRET states and the transition density plots (TDPs) (Figures 6C and 6D) were in line with the relative distances between labeling sites observed on the I 1 -I 5 intermediates and the RNA bound and R-loop after cleavage structures ( Figure 1D ; Table S2 ). The high-FRET (E1, E > 0.91) can be assigned to the I 1 conformation, which shows the more compact structure. The ternary complex also samples the first medium-FRET state (E2, E$0.71) similar to I 2 , containing an incomplete crRNA-DNA hybrid; and a second medium-FRET state (E3, E$0.49) that fits to the I 3 and I 4 conformations, which cannot be resolved by 1D distance measurements due to the rotation of the REC2 domain, although they display different crRNA-DNA hybrids. These states are also sampled by the apo and binary complex forms. Finally, a low-FRET state (E4, E < 0.2) can be attributed to I 5 , the most open conformation observed in our analysis. Interestingly, the apo and binary complex sample a very extended conformation E5, beyond 79 Å (E$0.1) as well as a less extended one (E = 0.3 $64 Å ) that is similar but not identical to E4. Target DNA loading appears to confine the conformation to the $70 Å distance of the ternary complex limiting the sampling of that large extended conformation (Table S2 ). The predominance of the low-FRET (E5) state in the apo protein indicates the large conformational landscape of Cas12a in the absence of the crRNA and target DNA, as it has been observed by negative-stain EM (Dong et al., 2016) and suggested by the change in stokes radius seen during reconstitution of the binary complex with the crRNA (Alcó n et al., 2017). In addition to the distance shift, the population of the E4 like state in the case of Apo and binary (Cas12a-crRNA) is increased from $26% to 31% in the ternary (Cas12a-crRNA-DNA) complexes, E3 remains practically similar in all conditions, while E2 increase its population, from 18% in the binary to 26% in the ternary complex ( Figure 6C ; Table S2 ). Remarkably, the E1 compact state is practically not sampled in the binary complex. Similarly, DNA docking increases the population of E2, by $40% in the ternary as compared to the binary complex. The sampling of E1 in the presence of target DNA and the similarity of the inter-dye distance of E1 with the I 1 conformation support the notion that the PAM is recognized and the target DNA unzipped in this FRET state. Hence, PAM recognition is a thermodynamically stable configuration under these conditions. This was accompanied by an equilibration of the E1 population with E2, indicating that the protein underwent conformational changes that allowed the scanning of complementarity with the crRNA pre-seed and the accommodation of the crRNA-DNA hybrid to enable cutting of the target DNA.
Thermodynamic and Kinetic Characterization of Cas12a FRET Transitions
Individual smFRET trajectories were analyzed by Hidden Markov modeling (STAR Methods). The single-molecule time trajectories and the corresponding TDPs revealed three major reversible sequential transitions between the different FRET states for the ternary and binary complexes ( Figure 6D ; Table S2 ; Figure S7 ), and a close to zero probability transition between E4 and E2 for the ternary complex. The apo protein shows a predominant distribution of transitions between the low FRET states, as expected with the large conformational heterogeneity and extended dynamics shown by Cas12a in the absence of the crRNA and its target DNA. The binary complex primarily samples transitions between the extended conformations $29% for E5-E4, $45% for E4-E3, and 26% for E3-E2 (Table S2) . Binding of target DNA alters the conformational sampling, allowing the protein to sample the previously inaccessible E1 conformation with a likelihood of transitions between E2-E1 $32%; it also increases the likelihood of transitions between E3-E2 by 34% and reduces by 37% the E4-E3 as compared to the binary complex ( Figure 6E ).
We then extracted the dwell time and corresponding rates for all pairs of Cas12a transitions corresponding to the biologically relevant binary and ternary complexes ( Figure 6F ) to calculate DG differences between the sampled states, as well as the activation energy (E a ) for the transitions (Figures 6G and S8F; Table  S2 ; STAR Methods). Inspection of the ternary complex relative rates for all pairs of transitions shows a reduction of the relative energy barrier, resulting in an increase of $1.2-and 1.3-fold in the rates favoring the transition from E2 to E3 and E3 to E4 (Figure 6F ; Table S2 ). This overall tendency of the system to proceed toward the low FRET state E4 is consistent between the binary and ternary DNA complex and indicates that conformational sampling is directed toward sampling the E4 state ( Figure 6H ). (C) FRET efficiency distributions for apo Cas12a, Cas12a-crRNA, and Cas12a-crRNA-DNA-bound form. Each histogram displays 4 distinct FRET states (blue, green, red, purple, and gray), the lines are Gaussian fits of each FRET population. The E1 state is only sampled by the ternary complex. The bar chart represents the population of the conformations. All experiments were repeated at least 3 times. Table S2 , and Video S1.
Fitting a 4-state kinetic model based on the kinetic rates for the transitions between the four conformations allowed extraction of expected equilibrium distributions. The good agreement of equilibrium conformations, calculated from the FRET histograms and kinetic fitting of the rates confirmed both the validity of the number of assigned FRET states as well as the extracted rates (STAR Methods). Once the target DNA bound the binary complex, the Cas12a-crRNA-DNA complex sampled the E1 and E2 states. The repetitive transition between these two FRET states, only found in the ternary complex, supports that this conformational change might be assigned to DNA unzipping and pre-seed scanning ( Figure 6F ). In the presence of DNA, once the crRNA-DNA hybrid started to assemble, the likelihood of the system to proceed toward E4 increased, lowering the relative energy barrier for these transitions and resulting in a slight increase of the rates favoring transit to E4, as compared to the reverse. Thus, DNA binding favors the directionality of conformational sampling toward low FRET states ( Figure 6H ). This observation, together with the biochemical and structural evidence, supported the notion that cleavage of the nt-, t-strand, and unspecific ssDNA should occur in the E3 or E4 states or during the E3-E4 transition (Figure 4 ; Video S1).
New crRNA Molecules Reset the Endonuclease
Once the target DNA is cleaved, Cas12a may proceed with unspecific ssDNA degradation (Chen et al., 2018) , suggesting that this activity must be associated with protein conformations to render the catalytic pocket accessible. Therefore, we asked how Cas12a can revert the active conformation to shut down unspecific activity. We hypothesized that new crRNA might displace the crRNA molecule in the binary complex to acquire a different target DNA specificity. Furthermore, new crRNA might also displace the crRNA-DNA hybrid, or the R-loop in complex with Cas12a to transit toward a conformation where the catalytic pocket is not accessible ( Figure 3A ). We performed a competition assay wherein pre-formed Cas12a-crRNA2, Cas12a-crRNA2-t-strand2, and Cas12a-crRNA2-DNA2 complexes were incubated with increasing concentrations of a second fluorescently labeled crRNA (crRNA1) (Figures 7A-7E ). Remarkably, crRNA1 was able to displace all nucleic acids nested in Cas12a. The displacement of the residing crRNA2 molecule was almost complete in the presence of a 4-fold excess of crRNA1 ( Figures  7A and 7E) . A relatively minor displacement was observed in the case of the Cas12a-crRNA2-t-strand2 complex ( Figures 7B and  7E ), while the R-loop was displaced around 55% as compared as crRNA1 ( Figures 7C and 7E) , suggesting that the presence of PAM in the R-loop hindered the displacement.
To test whether additional factors might facilitate the exchange of the R-loop, E. coli ssDNA-binding protein (SSB) was included in the assay mixture ( Figures 7D and 7E) . SSB binds ssDNA generated during replication, recombination, and repair (Shereda et al., 2008) . Indeed, the presence of SSB enhanced the displacement of the R-loop. Interestingly, Cas12a was able to cleave RNA in the presence of target DNA or the complementary t-strand when high concentrations of crRNA1 were used in the assays (Figures 7B-7D) . Collectively, these findings indicated that the endonuclease activity of Cas12a might be controlled by resetting the enzyme and exogenous factors.
DISCUSSION
In this study, we present mechanistic evidence regarding Cas12a cleavage activation, thereby setting the molecular basis to tailor it for different biotechnology or biomedicine applications. The discovery that Cas12a activity is triggered by the provision of a complementary t-strand, making the enzyme capable of ssDNA indiscriminate cleavage (Chen et al., 2018) , indicated that the assembly of crRNA-DNA hybrid is key to promoting DNA cleavage. Our structural and functional analysis shed light on the REC linker and the finger helix, illustrating the conformational panorama of Cas12a to unzip, scan, and cleave the target DNA ( Figures 1D, 4A , and S5G-S5J).
Our analysis suggests a major reversible sequential pathway, from PAM recognition to the final catalytic reaction ( Figure 6D ). The comparison of the binary complex and I 1 structures indicated that PAM recognition is accompanied by the movement of the PI domain to bind PAM and insert the LKL helix to start the unzipping of target DNA. Further, the t-strand initiates the Watson and Crick base-paring with the pre-seed of the crRNA ( Figure 2B ). The presence of the high FRET E1 state exclusively in the ternary complex further supports its assignment to the I 1 intermediate, which agrees with the distance between the REC2 and Nuc domains in this conformation. The complementarity between crRNA and the t-strand in the pre-seed region would promote the initial hybrid formation; this would be represented by the I 2 intermediate and the E2 FRET state. The formation of this incipient crRNA-DNA hybrid would induce a conformational change in the REC lobe observed in the I 3 intermediate (E3), promoting sensing of the G+5 to C+7 nucleotides of crRNA, the beginning of the lid opening, and movement of the finger helix. This conformational change would lead to the I 4 stage (E3) where, in addition to the interaction of the linker with crRNA, the helical conformation of the lid would contact the A+8 to U+10 nucleotides, and the finger would contact the A+15 to G+17 nucleotides. Unfortunately, the I 3 and I 4 intermediates could not be distinguished by FRET because the rotation of the REC2 domain did not induce substantial changes in the inter-dye distance. After the three molecular checkpoints would have been accomplished (Figure 4 ; Video S1), the RuvC-Nuc pocket would be ready to catalyze phosphodiester bond hydrolysis in any ssDNA positioned with 5 0 -3 0 polarity ( Figures 4B and 5A ). We speculate that severing of the nt-strand would occur in the E3 FRET state, most likely in the I 4 conformation, in which the lid is open. Since the nt-strand is not engaged with crRNA, its path to the DNase site is unobstructed in I 4 ( Figure 1C ) and the ssDNA could be positioned with the appropriate polarity, displaying a faster cleavage rate ( Figure 5 ). Hence, we postulate that the nt-strand is likely to be severed first. In addition, I 4 the 19-nt crRNA-DNA hybrid shows the t-strand with a 3 0 -5 0 polarity, which hindered its cut. Hence, the hybrid had to be dissociated to position the ssDNA t-strand in the catalytic pocket with the 5 0 -3 0 polarity. We speculate that after cleavage of the nt-strand, the behavior of the target DNA is analogous to severing of a rubber band. Namely, the nicking would release the tension in the target DNA, and the two halves would snap back and become flexible, opening the cavity between the REC and Nuc lobes, thus shortening the crRNA-DNA hybrid and allowing the entrance of the t-strand in the RuvC-Nuc pocket for catalysis. This scenario is experimentally supported by the I 5 conformation and its assigned lower FRET state (E4). The favorable transition rates, the reduced energy barriers in the presence of the target DNA ( Figures 6F-6H) , and the slower cut rate of the t-strand compared to the nt-strand (Figures 5B-5D ) supported this scenario. Once the overhang on target DNA is generated, the crRNA-DNA hybrid would re-anneal, resulting in the ''R-loop after target DNA cleavage'' conformation, with the RuvC-Nuc pocket accessible to ssDNA, and the linker and finger regions interacting with the assembled crRNA-DNA hybrid in the cavity. These interactions would produce an active conformation of Cas12a, explaining its indiscriminate ssDNA cleaving activity upon t-strand activation (Video S1).
We previously observed saturation of the Cas12a activity when the endonuclease/target DNA ratio was nearly equimolar (Stella et al., 2017a) , suggesting slow dissociation of the enzyme from the cleaved product. Cas12a rapidly releases the PAMdistal cleavage product, but not the PAM-proximal product (Singh et al., 2018) . Therefore, after generation of the DSB, Cas12a would represent a hazard for the cell since it would be able to cleave any ssDNA, interfering with such basic cellular functions as replication, transcription, and DNA repair. We propose a mechanism for resetting and generating another RNAguided endonuclease by exchanging the crRNA-DNA hybrid or the R-loop after cleavage by another crRNA molecule. This exchange would occur if large concentrations of different crRNA molecules were present in the cell. A database search using the conserved sequence of the crRNA revealed that different bacteria encode a single copy of the Cas12a gene and multiple copies (up to 68) of crRNA (Shmakov et al., 2017) . Assuming similar transcription rates, we propose that the concentrations of different crRNAs in the bacterial cytoplasm would be several times higher than that of the protein, allowing for the displacement of the crRNA in the binary complex testing for different target DNAs. After severing a target DNA molecule, the R-loop after cleavage in Cas12a could be also displaced by a new crRNA molecule, most likely with the help of accessory proteins. This mechanism would restore the protein to the RNA-bound state, where a conformational resetting would reverse the changes in the linker, the lid, and the finger to the RNA-bound state, thus closing the RuvC-Nuc pocket and switching-off catalysis ( Figure 7F ).
Our work has unveiled the molecular basis of the conformational activation of Cas12a catalysis after target DNA recognition. These findings link recognition of the target DNA and assembly of the crRNA-DNA hybrid with the activation of phosphodiester bond hydrolysis. Understanding the molecular roles played by the REC linker, lid, and finger allowed their modification, separating the non-specific ssDNA activity and the specific target DNA cleavage. These findings provide the landscape to improve and/or repurpose Cas12a.
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METHOD DETAILS Plasmids preparation and Mutagenesis
The Francisella novicida (Fn) Cas12a gene was used for all the experiments in this manuscript. FnCas12a gene was cloned in the plasmid pET21-Strep-Cas12a including the Strep-II sequence into the NdeI site of pET21-Cas12a. Multiple mutagenesis was performed using GeneArt Site-Directed Mutagenesis PLUS System (ThermoFisher) while single mutagenesis was performed by Q5 site direct mutagenesis kit (NEB). The primers were designed on pET21-Cas12a or on pET21-Strep-Cas12a (Key Resources Table) . The Cas12a mutants were expressed and purified as described below.
Protein purification
Proteins purifications of pET21-Cas12a and pET21-Strep-Cas12a both wild-type and mutants were performed as described in (Alcó n et al., 2017) . In brief, E. coli BL21 star (DE3) cells containing the pRare2 plasmid (which supplies seven tRNAs recognizing rare codons) were transformed with the plasmid expressing the wanted protein. Cells were grown in LB media containing 50 mg/ml-1 ampicillin and 25 mg/ml chloramphenicol at 37 C until and OD600 of 0.8 and the expression was induced by adding1 mM of isopropyl b-D-1-thiogalactopyranoside (IPTG) for 2 hours. The cells were harvested and re-suspended in lysis buffer [50 mM Bicine pH 8.0, 150 mM KCl, 1 tablet Complete Inhibitor cocktail EDTA Free (Roche) in 50 ml, 50 U ml-1 Benzonase, 1 mg ml-1 lysozyme and 0.5 mM TCEP]. Cells were lysed by sonication for 10 minutes with 10 s on and 10 s off cycle. Cell debris and insoluble particles were removed by centrifugation. The solubility of the proteins was tested by loading the insoluble and the soluble fractions on an SDS-PAGE. The supernatant was loaded onto a 5 mL Crude HisTrap column (GE Healthcare) equilibrated in buffer A (50 mM Bicine pH 8.0, 150 mM KCl and 0.5 mM TCEP). The elution was performed by a step gradient of buffer B (buffer A plus 1 M imidazole). Enriched protein fractions and applied onto a 5 mL HiTrap Heparin HP column (GE Healthcare) equilibrated with buffer A. The protein was eluted with a linear gradient of 0%-100% buffer H (50 mM Bicine pH 8.0, 1 M KCl and 0.5 mM TCEP). Protein-rich fractions were loaded onto a HiLoad 16/60 200 Superdex column (GE Healthcare) equilibrated in buffer A. The protein peaks were concentrated (using 100 kDa MWCO Centriprep Amicon Ultra devices), flash-frozen in liquid nitrogen and stored at À80 C.
Ternary Complex formation
The Cas12a-E1006Q-crRNA-DNA complex was prepared as described (Alcó n et al., 2017) . In brief, the complex was assembled in reconstitution buffer consisting of 150 mM KCl, 50 mM Bicine (pH8.0), 5 mM MgCl 2 at a molar ratio of protein:RNA:DNA 1:1.3:1.7. The Cas12a-E1006Q protein was mixed with crRNA and incubated for 30 min at 25 C before adding the 45bp target DNA followed by one-hour incubation at 25 C. The reconstituted complex was further purified by preparative electrophoresis with a Bio-Rad Model 491 PrepCell apparatus using a 5% (w/v) non-denaturing polyacrylamide gel at 4 C. The purified complex was concentrated to 1 mg/ml using a Vivaspinâ 20 50000 MWCO.
Cleavage assay
The fluorescently labeled double strand DNA substrates were prepared by annealing the target-strands and non-target stands accordingly to the experiments, both 6FAM and Alexa750N was used as fluorescent probe to detect the cleavage products. The complexes were formed in 20mM Bicine-HCl pH8, 150mM KCl, 0.5mM TCPE pH8 and 5 mM MgCl 2 using a molar ratio of 1 protein, 1.3 RNA and 1.5 DNA. The RNA and protein were incubated together at 25 C for 30 min before adding DNA. The complex was incubated at 37 C for 30 minutes. For the non-specific cleavage, the activated complexes were prepare as described above then 6 pmoles of non-specific DNA was added to the mixture and the reaction was incubate at 37 C for 30 minutes. The reactions were stopped by adding equal volume of stop solution (8 M Urea and 100 mM EDTA at pH8) followed by incubation at 95 C for 5 min. The samples were loaded on 15% Novex TBE-Urea Gels (Invitrogen) and run according to the manufacture instructions. The gel was visualized using an Odyssey FC Imaging System (Li-Cor).
Plasmid cleavage assay 50 pmoles of Cas12a protein (both wild-type and mutant) were mixed with 60pmoles of crRNA in 20mM Bicine-HCl pH8, 150mM KCl, 0.5mM TCPE pH8 and 5 mM MgCl 2 , the reaction was incubated at 25 C for 15 mins. 60 pmoles of plasmid was added to the mixture followed by an incubation at 25 C for 15 mins. The reactions were the heated up at 95 C for 5 min and then loaded on and load agarose E-Gel 2% (ThermoFischer). The gel was visualized using an Odyssey FC Imaging System (Li-Cor).
EMSA Binding assay
For the binding assays the reaction was prepared as described above, for the binding assay the reactions after the final incubation at 37 C were directly loaded on the 10% Novex TBE Gels or and run DNA Retardation Gels (6%) (Invitrogen) and run according to the manufacture instructions. The gel was visualized using an Odyssey FC Imaging System (Li-Cor).
Ratio of cleavage of the target-and non-target-strands The fluorescently labeled double strand DNAs were prepared by annealing F-PAM-2-3-24-4 (6FAM-cgTTAgagaagtcatttaataaggc cact GCat) with F-T-2-3-20 (gccttattaaatgacttctcTAACG-6FAM) to measure the non-target strand cleavage and PAM-2-3-14 (6FAM-cgTTAgagaagtcatttaa) and F-T-2-3-24-4 (atGC agtggccttattaaatgacttctc TAACG-6FAM) to measure the target strand cleavage. The F-T-2-3-24-4 was used to measure single strand target DNA cleavage. The complex was prepared using the same molar ration described above. The following time points at 1, 2, 5, 10, 30, 60, 90, 120,180 minutes were taken by stopping the reaction with stop solution (8 M Urea and 100 mM EDTA at pH8) followed by incubation at 95 C for 5 minutes. The samples (containing to 2.8 pmoles of DNA duplex) were loaded on 15% Novex TBE-Urea Gels (Invitrogen) and run according to the manufacture instructions. The gel was visualized using an Odyssey FC Imaging System (Li-Cor) and the intensity (I) of the DNA bands was quantified using ImageStudio. The (I) t = 0 = 2.8 pmoles, the other points were calculated using the formula pmoles t = n = 2.8 pmoles * (I) t = n / (I) t = 0 where n represent the different time points. The average of 3 to 5 independent experiments is used in the plot and the standard deviation is represented in the error bars.
Displacement assay
In the displacement assay 5.6 pmoles of RNA2 (AAUUUCUACUGUUGUAGAUCCAGACAACCAUUACCUGUCCACA) was incubated with 5.2 pmoles of Cas12a-wt at 25 C for 30 minutes. For the RNA displacement 1.4, 2.8, 5.6, 11.2, and 22.4 pmoles of F-RNA1 (6-FAM-AAUUUCUACUGUUGUAGAUGAGAAGUCAUUUAAUAAGGCCACU) was added to the reaction followed by incubation at 25 C for 30 minutes. For the R-loop displacement to the RNA2-Cas12a-wt complex prepared as above was incubated with 5.2 pmoles of DNA2 duplex (PAM2-2-3-24-10: AGTTTACCAGACAACCAttACCtGtCCACA TCATGCATCG and T2-2-3-24-10: CGATGCATGATGTGGaCaGGTaaTGGTTGTCTGG CAAACT) for 25 min. at 25 C followed by the addition of the competitor F-RNA1 as in the RNA displacement. For the R-loop displacement in the present of single-strand DNA-binding protein (SSB), the RNA2-FnCas12a-wt complex was incubated with 0.2 nmoles of SSB and 5.2 pmoles of DNA2 duplex for 25 minutes at 25 C followed by the addition of the competitor F-RNA1 as in the RNA displacement. For the single strand DNA displacement, the RNA2-Cas12a-wt complex was incubated with 5.2 pmoles of T2-2-3-24-10 single strand DNA for 25 minutes at 25 C followed by the addition of the competitor F-RNA1 as in the RNA displacement. The reactions are loaded on 10% Novex TBE and run according to the manufacture instructions. The gel was visualized using an Odyssey FC Imaging System (Li-Cor) and the intensity (I) of the DNA bands was quantified using ImageStudio. The (I) of the control sample (I c ) for the RNA displacement (5.6 pmoles of F-RNA1 and 5.2 pmoles of Cas12a-wt), for the R-loop displacement (5.6 pmoles of F-RNA1, 5.2 pmoles of Cas12a-wt and 5.2 pmoles of DNA2), for the R-loop displacement with SSB (5.6 pmoles of F-RNA1, 5.2 pmoles of Cas12a-wt, 5.2 pmoles of DNA2 and 0.2 nmoles of SSB) and for the single strand DNA displacement (5.6 pmoles of F-RNA1, 5.2 pmoles of Cas12a-wt and 5.2 pmoles of T2-2-3-24-10) correspond to 100% displacement. The percentage of displacements at the different RNA concentrations (N) are calculated using the formula % of displacement N = 100 * (I) N / (I) c . The average of 5 independent experiments is used in the plot and the standard deviation is represented in the error bars.
Cryo-EM sample preparation and data collection Freshly purified Cas12a samples (E100Q mutant) were initially screened on a Tecnai G2 20 TWIN (FEI, Thermo Fisher Scientific) in order to optimize the appropriate working concentration, buffer, grids and homogeneity. Buffer CEM (50 mM Bicine pH 8.0, 150 mM KCl and 0.5 mM TCEP) was used for dilution of the samples. Once the proper conditions were found, a volume of 3 mL of freshly thawed purified complex (0.1 mg/ml) was placed onto glow-discharged (Leica EM ACE200, 30 s at 5 mA) grids (Quantifoil R1.2/1.3 200 mesh Cu grids) and plunge-frozen into liquid ethane, cooled with liquid nitrogen, using a Vitrobot Mark IV (FEI, Thermo Fisher Scientific), with the following settings: 100% humidity, 277K and blot time 3 s. Selected grids were loaded into a Titan Krios transmission electron microscope (FEI, ThermoFisher Scientific) operating at 300 keV at liquid nitrogen temperature. Micrographs (dose-fractioned movies) were acquired using a Falcon 3EC Direct Electron Detector (FEI, ThermoFisher Scientific) in electron counting mode (36 s exposure time with each movie containing 40 frames; dose rate was 1 e -/Å 2 per frame) with a calibrated pixel size of 0.832 Å and a nominal defocus range of 1.0 to 2.5 mm. We used the semi-automated acquisition program EPU (FEI, ThermoFisher Scientific) for data collection during several days.
Cryo-EM data processing Single-particle analysis was performed using the RELION 2.1.0 workflow (Scheres, 2012) (Figures S2, S3 , and S4). The individual frames of the initial micrographs (3,800 movies) were aligned and dose-weighted using MotionCor2 (Zheng et al., 2017) . CTFFIND-4.1 (Rohou and Grigorieff, 2015) was used to estimate the CTF (contrast transfer function) parameters of the aligned images without dose-weighting and some images were discarded according to the assessed resolution and the estimated accuracy of the fitting. Manual picking was done within the RELION GUI on a representative subset of 20 micrographs and a stack of 6,000
particles were extracted using a box size of 240 pixels. Selected 2D class averages, obtained from a 2D reference-free alignment of the initially extracted particles, were used as templates for reference-based automated particle picking from all the micrographs. After extraction of the new set of particles (binned to a pixel size of 1.664 Å ) and initial sorting and 2D classification a subset of 1,331,000 particles was selected for further processing inside RELION. A 3D initial model was obtained using the stochastic gradient descent method implemented in RELION using a subset of 6,000 particles selected from good 2D averages. This initial model (low-pass filtered to 60 Å ) was used in a 3D classification of the particles that was able to detect several conformations of the Cas12a complex. After additional 3D classifications, the RELION auto-refine procedure was performed on the best class (181,000 particles) to generate a map at 3.4 Å (2 halves gold-standard resolution estimation). Unfortunately, the initial data exhibited a limited angular distribution with a clear preferred particle orientation that gave rise to anisotropic resolution and small artifacts in the reconstructions ( Figure S2C ). In order to reduce this effect as much as possible a second dataset was collected (2,625 micrographs) with a tilted angle of À30 . The efficiency of particle orientation distributions in I 1 to I 5 datasets after this data collection was assessed using cryoEF (Naydenova and Russo, 2017) . The E od 0.67, 0.7, 0.69, 0.6 and 0.6 for I1 to I5 respectively, showing that all the orientation distributions provide enough Fourier space coverage without major gaps to reach high resolution and trustworthy 3D map reconstructions. All the processing procedures for this new dataset were the same used for the non-tilted images but the CTF estimation. GCTF (Zhang, 2016) was used to perform per-particle estimation of CTF parameters (Tan et al., 2017) . A combined dataset of 2,360,000 particles was obtained after merging the particles from micrographs at 0 and À30 tilt and it was put through the same processing workflow as above (Figure S1C) . Five different 3D classes were identified and refined within RELION to yield their corresponding final maps, with estimated global resolutions between 3.3 and 4.2 Å (gold-standard FSC at 0.143; Figures S2B and S3B ). All maps were sharpened by applying a negative B-factor, estimated by the post-processing method in RELION, and corrected for the modulation transfer function of the detector. Local resolution estimations and resolution-filtered maps were also obtained within RELION (local resolution method; Figures S2A and 3A) .
Model building and structure refinement Initial models were based on previous structures of the Cas12a complex. The I4 model was generated from similar Cas12a-crRNA-DNA structures (5MGA) (Stella et al., 2017a) ; and the I1 model was based on a previous Cas12a-crRNA structures (5ID6, 5NFV) (Dong et al., 2016; Swarts et al., 2017) . The rest of models were derived from modifications of these two starting models. Initial fitting and real-space refinement were performed using Phenix (Adams et al., 2010) and CCP-EM (Burnley et al., 2017) . COOT (Emsley and Cowtan, 2004 ) was used for model building and modification, manual local refinement and visualization. UCSF Chimera was also used for model and map inspection, structure modification and map segmentation and modification. Figures including map densities, local resolution and coordinates were generated in UCSF Chimera (Goddard et al., 2007) . In addition, PyMOL (https://pymol.org/2/) was used to create some of the figures and videos.
Cysteine-light Cas12a and protein labeling for smFRET Cas12a contains 9 cysteines. All of them were mutated to alanine except C473, C882, C1190. Mutation to alanine of any of those residues led to an insoluble Cas12a. Expression and solubility assays (described below) were used to monitor the solubility of the cysteine-light-Cas12a variants. The final soluble and active cysteine-light Cas12a was: C70A-C568A-C717A-C1086A-C1116A-C1196A ( Figures S8G and S8H ). For the labeling of the protein Cy3 and Cy5 Maleimide Mono-Reactive Dye (GE-lifesciences) was used; the dyes were dissolved in DMSO. The 50 mM of the purify protein Strep-Cas12a C70A-C568A-C717A-C1086A-C1116A-C1196A in 50 mM Bicine pH 8.0, 150 mM KCl and 5 mM TCEP was dialyzes against 25mM HEPES-HCl pH 7.5 and 150mM KCl using D-Tube Dialyzer Mini MWCO 6-8kDa (Millipore) for 1 hour at 4 C. Each dye was added at 250 mM final concentration to the dialysed protein. The mixture was incubated in the dark at 4 C overnight. To remove the excess of dye and to exchange the buffer of the labeled protein to 50 mM Bicine pH 8.0, 150 mM KCl an Amicon Ultra-0.5 mL Centrifugal Filters cut-off 50kDa was used. Mass spectrometry showed $10% labeling on C882, which was excluded from data analysis using Alternating Laser EXcitation ALEX methodology (STAR Methods). This also allowed us to correct for leakage, direct excitation, detection and excitation factors a, b, g, and d (STAR Methods, Figures S8A and S8B ).
Preparations for smFRET assay Microscope coverslips were prepared as described previously (Laursen et al., 2014) . In brief, coverslips were passivated with a 100:1 mixture of PLL-PEG / PLL-PEG-biotin and functionalized with neutravidin. Prior to each experiment, the binary or ternary complexes between Cas12a, crRNA and target DNA were assembled in reconstitution buffer (50 mM bicine, 150 mM KCl, 5 mM MgCl 2 , pH 8) by incubating 1.8 nM Cas12a with 200 nM RNA and 200 nM DNA for at least 10 min at 25 C which results in full complex formation, as described previously (Stella et al., 2017a) . After complex formation, the biotinylated enzyme or complex was introduced to the microscope chamber and incubated for 2 min to ensure immobilization. Excess enzyme was washed away with buffer. An oxygen scavenging system (1 U/mL PCD, 2.5 mM PCA, 2 mM Trolox) was flushed into the chamber before each measurement to avoid blinking and improve photostability of the fluorophores. All experiments were carried out in reconstitution buffer at room temperature with RNA and DNA in excess amounts (200 nM).
Monte Carlo sampling for correction of dye-dye distances To convert dye-dye distance measurements from FRET to corresponding Cɑ-Cɑ distance measurements as obtained from cryoEM between residues C473 and C1190, we employed a Monte Carlo distance sampling toolkit developed in (Kalinin et al., 2012) , which accounts for rotational freedom, linker length and steric hindrance of the dye. The calculated inter-dye and Cɑ-Cɑ distance displayed show good agreement with the crystal structures and the cryoEM data (Table S2 ).
Acquisition of smFRET data
All smFRET experiments were performed on a total internal reflection fluorescence (TIRF) microscope (IX83, Olympus) equipped with two EMCCD cameras (imagEM X2, Hamamatsu) and an oil immersion 100x objective (UAPON 100XOTIRF, Olympus). Donor and acceptor fluorophores were excited using 532 nm and 640 nm solid state laser lines (Olympus), respectively. A quad band filter cube was used to block the lasers in the emission pathway, while a multichannel imaging system (DC2 two-channel system, Photometrics) was used to split the signal into distinct channels. A 582/75 nm band pass ET filter was used to filter donor (Cy3) emission, while a 700/75 nm ET band pass filter was used to filter acceptor (Cy5) emission. All experiments were performed using alternating laser excitation (ALEX) (Lee et al., 2005) with 100 ms exposure time for each laser, followed by 800 ms wait time, giving an effective frame rate of 1 s -1 for all experiments. Data from at least 3 measurements were combined in all figures.
Quantification of Cas12a loading efficiency
To quantify loading efficiency with DNA, Cas12a enzymes labeled only with Cy5 were incubated with DNA labeled with an Alexa488-fluorophore. In brief 1.8 nM FnCpf1 Cas12 a was incubated with 200 nM RNA in reconstitution buffer (50 mM bicine, 150 mM KCl, 5 mM MgCl 2 , pH 8) to assemble the binary complex. The resulting complex was afterward immobilized on a glass surface as described in section ''preparation of single molecule assay'' and excess enzyme was removed by washing with reconstitution buffer. DNA labeled with an Alexa488-fluorophore in the PAM-proximal region (that does not leave the enzyme after cleavage) was introduced to the chamber in varying concentrations, and images were acquired at different locations on the surface with excitation at 488 nm (Alexa488) or 635 nm (Cy5). The colocalization was quantified using a home-written software in Igor Pro (WaveMetrics). In brief, particles were detected in each channel, based on 2D Gaussian fitting, and excluded if they were either too bright or irregularly shaped, in order to only include single-molecule intensities. The colocalization efficiency was calculated as the number of colocalized particles divided by the total number of particles in the red channel ( Figure S8D ).
Data extraction and image analysis
Quantitative image analysis was performed using the iSMS software package for smFRET (Preus et al., 2015) for extraction of timedependent signal, and background traces for each colocalized donor/acceptor pair. Homemade software written in Python (was used for sorting traces, statistical analysis and plotting. Traces were sorted based on different criteria, e.g., signal/background ratio, noisiness and whether the intensities correctly corresponded to a single donor and acceptor (i.e., the stoichiometry from ALEX).
Correction factors for ALEX smFRET
To correct FRET values for spectral crosstalk, direct excitation and detection efficiency we followed the very precisely outlined method in (Hellenkamp et al., 2017 ) based on established methodology as first described in (Lee et al., 2005) . In brief, we obtained ɑ and d correction factors for spectral crosstalk and direct excitation via a built-in function in iSMS. Afterward, we obtained the b and g factors from the FRET versus stoichiometry 2D ALEX histograms ( Figures S8A and S8B ). Using a Fö rster radius of 56 Å for Cy3-Cy5 (Greife et al., 2016) , the corrected FRET values were obtained from the histograms.
Cross-validation of correction factors and distance calculations by DNA control sample To further validate the accuracy for FRET to distance conversion we recorded under identical imaging conditions DNA sample labeled with Cy3 and Cy5 spaced 17 base pairs apart (inter-dye distance of $60.8 Å calculated by Monte Carlo simulations). We recorded a FRET efficiency of 0.34+/À0.16. Using identical correction factors and calibration the corresponding calculated distance was of 62.7+/À7.5 Å , which is in excellent agreement with the known distance ( Figure S8C ; Table S2 ) confirming the validity of calibration and correction factors.
Determination of conformational state transition rates Accepted traces were analyzed with a Hidden Markov Model, similar to published methodologies (McKinney et al., 2006) . For each trace, a model with 1 to 4 states was fitted, and the best fit was selected from the lowest Bayesian Information Criterion (BIC) score (McKinney et al., 2006) . All observed FRET values were plotted in a histogram and fitted as a mixture of 4 gaussians. Based on the widths of the Gaussian fits, only transitions above 0.15 E were considered significant. The pairs of E and E+1 were plotted as a transition density plot (TDP) (McKinney et al., 2006) . The points in the TDP were separated into 3 clusters for each diagonal (6 in total for the whole TDP) using a k-means clustering algorithm (Kö nig et al., 2013) . For each cluster, data points that fell outside of a 2.5 sigma (98% confidence) region were removed to ensure reasonably tight clusters and to avoid single off-diagonal data points, tight nonoverlapping clusters and extreme outliers. To determine the FRET efficiency and corresponding distance of each conformational state, a center for each of the 6 clusters was defined along the E-axis on the TDP. Transition rates were found by fitting the dwell times contained in every cluster with a single exponential decay ( Figure S8F ). Lifetimes above 20 s were not fitted to avoid long-lived outliers that do not follow a single-exponential decay (less than 5% of observable dwell times).
Calculation of conformational state occupancies from transition rates To describe the kinetics of Cas12a, we employed a 4-state kinetic model as outlined below as discussed earlier (Thompson et al., 2015) .
Where E1, E2, E3 and E4 correspond to conformational states transiting from most open to most closed, and K 3 , K 2 and K 1 are the equilibrium constants derived from the transition rates between each state using the equation:
The model assumes that the enzyme moves linearly along the conformational states with neighboring distances (i.e., without skipping any intermediate conformational states when transiting from E1 to E4 or vice versa), which is confirmed by the absence of main off-diagonal features in the TDPs. Directly assigning the conformational states of Cas12a resetting as well as their kinetics and thermodynamics would require additional experiments with synchronous readouts of protein dynamic and labeled DNA or RNA. We note that E3 may contain more than one conformation with indistinguishable FRET distances (see main text) and as such the extracted rates corresponds to average rates for transitions to these states. The occupancy of every conformational state can therefore be expressed as a combination of equilibrium constants. Given that all state occupancies are interdependent and sum up to 1, they can be estimated using the following equations:
Calculation of free energies Free energies were calculated based on transition state theory, where each conformational state was considered a ground state separated by a large ($75 kJ mol -1 ) energy barrier. The energy barrier (or activation energy; E a ) from state i to state j was calculated using the following equation:
Where R is the gas constant, T is the absolute temperature (298 K), h is the Planck constant, k ij is the transition rate from state i to state j, and k B is the Boltzmann constant. The free energy difference between two states (DG) equals the difference between the two activation energies. Alternatively, it can be calculated directly based on the equilibrium constant (K n ) using the following equation:
FRET histograms Gaussian fitting
For each enzyme condition, 4 conformational state occupancies and FRET values were calculated as described above. Although FRET values are not technically Gaussian distributed, it has in practice been shown to be a robust method with little discrepancy (Manz et al., 2017) . To find the underlying states, we fit the overall distribution using the Expectation Maximization algorithm, that provide the best statistical fit based on unbinned likelihood fitting. As initial guesses we provide the center of the transition peaks provided by k-means clustering analysis of the TDPs (see above) which are cross checked with the expected distances based on cryoEM and crystallographic data. These initial guesses serve only to initiate the fitting, and do not constrain any parameters. Fitting will subsequently converge to the best fit. Bootstrapping of data showed that indeed this is the best fit in given context. Fitting with high number independent parameters may result in a likelihood hyperspace with multiple local minima and one cannot assume that the estimated parameters have normally distributed errors that can be derived from statistical analysis. To determine these errors, we employed a parametric bootstrapping approach, where the fit was re-initiated 100 times to generate a bootstrap distribution of bestfit parameters estimates. From each parameter distribution, the median was taken as the best-fit value of that parameter, with a corresponding 95% confidence interval. We further evaluated the goodness of the fit for different numbers of underlying distributions by employing Bayesian Information Criterion (BIC) to avoid overfitting. To do this we examined the overall best fit attained by 2-6 underlying Gaussian distributions (i.e., conformational states). The overall better fit is achieved with 4 Gaussian distributions ( Figure S8E ) in agreement with the cryoEM data. In conclusion all experiment evidence support the existence of 4 conformational states.
QUANTIFICATION AND STATISTICAL ANALYSIS
All values reported are the average at minimum of three independent replicates from separate experiments with the number of replicates indicated in the figure legends. Error bars represent SD as indicated in the corresponding figure legends, unless otherwise stated. For statistical details regarding the smFRET experiments see STAR Methods.
DATA AND SOFTWARE AVAILABILITY
The PDB and EM maps have been deposited: I 1 , EMD-0061, PDB ID 6GTC; I 2 , EMD-0062, PDB ID 6GTD; I 3 , EMD-0063, PDB ID 6GTE; I 4 EMD-0065, PDB ID 6GTG; I 5, EMD-0064, PDB ID 6GTF. Figure S1 . Cleavage and Binding of Cas12a Wild-Type and Cas12a-E1006Q, Related to Figure 1 Cleavage and binding assays were performed as described in the STAR Methods section, the RNA and DNAs are reported in Key Resources Table. (A) cleavage assay of the specific DNA duplex (F-T-2-3-24-10/F-P-2-3-24-10), specific ssDNA t-strand(F-T-2-3-24-10), ss-DNA nt-strand (F-P-2-3-24-10), non-specific dsand ss-DNA (DNA3) and open target duplex (F-T-2-3-24-10/ F-P-2-3-24-10-DNA3). The sizes of the different produces are shown in number of bases. (B) Binding assay of specific DNA duplex, specific ssDNA, ssDNA complementary to the specific DNA, non-specific ds-and ss-DNA and open target duplex. (C) Unspecific cleavage of ssDNA (ALEX-Non-specific-DNA) in the present of different length of DNA duplex (F-T-2-3-24/F-P-2-3-24; F-T-2-3-22/F-P-2-3-22; F-T-2-3-20/F-P-2-3-20) and specific ssDNA (F-T-2-3-24; F-T-2-3-22; F-T-2-3-20) The sizes of the different produces are shown in number of bases; the non-specific cleaved product is indicated. (D) Cleavage assay comparing wild-type Cas12a and Cas12a-E1006Q, using 0.125, 0.25, 0.5,1, 2 and 4 times the amount of proteins compare to the crRNA (RNA1). (E) Binding assay comparing wild-type Cas12a and Cas12a-E1006Q, using the same condition of the cleavage assay. The experiments were repeated at least 4 times.
Supplemental Figures
(legend on next page) figure) . Specific regions of the complex can be easily identified on these averages: a DNA double strand segment close to the PAM site (depicted as D), the RNA binding site domain (R), the HLH domain (H) and the region encompassing the Nuc and the REC domains (NR). The 2D averages shows clearly elements of secondary structure, revealing the high resolution of the data. The Nuc and REC domains are blurrier than the rest of the structure, indicating that those regions display a higher flexibility and heterogeneity. Some of these distinctive averages can be straightforwardly correlated with projections of the classes described on the next part of the figure (Chen et al., 2013; Scheres and Chen, 2012) . (C) Three views of the Euler angle distribution of all particles that contributed to the final 3D reconstructed maps of the I4 conformation of the Cas12a complex: the map obtained from the initial non-tilted dataset (upper panel) and the one produced from the mixed dataset (0 and À30 -tilted data; lower panel). The mixed dataset showed an improved distribution of particles and produced better maps without small density artifacts (marked as * at the non-tilted map, upper panel) produced by the anisotropic resolution. The efficiency of particle orientation distributions in all the tilted datasets was assessed using cryoEF (Naydenova and Russo, 2017) .
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